Abstract-In this paper, the mechanism of plasma-charging damage (PCD) of metal-insulator-metal (MIM) capacitors as well as possible protection schemes are discussed. A range of test structures with different antennas simulating interconnect layout variations have been used to investigate the mechanism of PCD of MIM capacitors. Based on the experimental results, two models are presented, describing the relation between the damage and the ratio of the area of the exposed antennas connected to the MIM capacitors plates. New design rules are proposed in order to predict and automatically flag possible PCD sites. Furthermore, layout solutions to reduce PCD are suggested.
I. INTRODUCTION
H IGH-PERFORMANCE mixed-signal and RF circuits built in CMOS or BiCMOS require integrated capacitors with high voltage independency, high quality factor, good capacitor matching, precision control of capacitor values and low parasitic capacitance, along with high reliability and a low defect density. Conventional high-density capacitors such as poly-substrate [1] , poly-poly [2] and metal-poly [3] , [4] structures suffer from low voltage independency due to voltage induced depletion effects as well as a large parasitic capacitance due to their proximity to the substrate.
The metal-insulator-metal (MIM) capacitors used for this study have low parasitic capacitance, especially when fabricated on metal 2 or higher, as well as a high quality factor for RF circuit applications [5] . In the paper presented here, high-density MIM capacitors with capacitance densities of 1.0 to 2.0 fF m and silicon nitride dielectrics deposited by plasma-enhanced chemical vapor deposition (PECVD), have been integrated into the backend metallization layers of a CMOS and a BiCMOS process flow. The capacitor breakdown voltage, linearity and reliability meet mixed-signal circuit requirements. A defect density less than 0.5 defects/cm has been achieved for the test structures with 2.0 fF m specific capacitance. A quality factor at frequencies of 1 and 2 GHz was measured indicating its usefulness for RF applications [6] .
The dielectric in MIM capacitors is much thicker than the MOS gate oxide-thickness and the antenna ratio (AR) defined as the area ratio of top antenna versus dielectric is typically low and even near unity. Because of the small ARs, one does not expect these capacitors to suffer from plasma-charging damage (PCD) as rapidly as with thin gate oxides. However, previous studies found thicker oxides to be very sensitive to PCD. It was argued that thicker oxides require a higher voltage but less current to break down [7] . Harris stated that MIM capacitors can be damaged only when the bottom plate is grounded and the top plate is connected to a large conductor (antenna) that is exposed to a plasma [8] .
In this paper however, we will demonstrate that floating MIM capacitors, without any substrate contact are also very sensitive to PCD. The interconnect lines connected to the top plate is referred to as top antenna, and the interconnect lines connected to bottom plate is referred to as bottom antenna in this paper. The , area ratio of top antenna versus bottom antenna, is a more critical parameter for floating MIM capacitor than , which is commonly used in studying PCD in the gate oxide of MOS transistors. Severe PCD occurs if the interconnect lines connected to the two MIM capacitor plates have a large difference in area, though the is low and even near unity. The damage becomes larger with the increase of , independent of which plate is connected to the largest antenna. The mechanism and the protection schemes of PCD of floating MIM capacitors, are discussed here. Additional design rules are proposed, in order to predict and automatically flag the possible charge-damage. Furthermore, layout solutions to reduce the damage are suggested.
II. EXPERIMENTAL

A. MIM Capacitor Processing
The MIM capacitor is formed using a metal 1 layer as bottom plate, 20 to 60 nm silicon nitride as insulator, and an additional thin-metal 1.5 layer as top plate. The top plate is connected to metal 2 by vias. Figs. 1 and 2 show a schematic and a scanning electron microscopy (SEM) cross section of the MIM capacitor built on metal 1. A short description of the process flow follows. First, the bottom plate is formed by a standard metal 1 deposition of a Ti-TiN-AlCu-TiN stack. The thin silicon nitride film is deposited by PECVD followed by the deposition of the top metal plate (30-nm TiN, 200-nm AlCu, 30-nm TiN). Then, the top plate layer is patterned and etched with a selective etch chemistry with etch stop on the insulator film. Subsequently, the insulator film together with the bottom plate are patterned and etched in sequence. The process flow continues with the standard CMOS backend flow sequence of intermetal dielectric (IMD) deposition, via 1 formation, and metal 2 patterning; followed by IMD deposition on metal 2, via 2 formation, and metal 3 patterning; finally finished with passivation. The IMD depositions consist of an SiO layer deposited by a medium density PECVD tool at 400 C. In order to improve the particle performance of the process a plasma power ramp-down (PPRD) step is added at the end of deposition process. This step prevents the deposition on the chamber walls releasing and affecting the wafer surface.
The MIM capacitor is implemented using the above scheme in a CMOS backend flow with 1.1-m metal pitch design rules [9] .
B. Test Structures
More than 400 systematically arranged test structures have been designed and processed in order to investigate and characterize the effect of charging during processing on the yield and reliability of the MIM capacitors. MIM capacitors have been designed with an area of m , m and m in parallel. Antennas with different features are connected to top and bottom plate, in order to simulate the interconnect layout design of MIM capacitors. The area of the antennas is designed in a range from 20 m up to 120 000 m or consists only of a small connection pad (1.36 m ) to the next metal level. To investigate possible ways of protection of the MIM capacitor during the processing, various test structures with protection devices have been implemented including the use of diodes and metal bridges. To investigate the antenna perimeter effect, antennas have been designed both as fingers and as plates.
C. Measurement
Affected capacitors show a hard breakdown. To detect affected capacitors leakage currents of the test structures are measured at 3.7 V on the top plate with a grounded bottom plate. The failure criterion is a leakage current : fresh capacitors, even the largest capacitors never reach this value, while affected capacitors exceed this value by a few orders of magnitude. The failure fraction is the fraction of failed test structures out of the measured samples. The breakdown voltage of the MIM capacitor dielectric is also investigated. The yield of the product has been measured as well. The experimental vehicle used for this study is a BiCMOS chip with MIM capacitors. The results of the yield test have been split up into the different failure mechanisms of the chip. Wafer maps are provided for each wafer and failure mechanism.
A PDM tool from Semiconductor Diagnostics Inc. is used to detect the process step that causes the charging problem. PDM is a contactless and damage-free measurement to determine the amount of charge built up in an oxide layer [10] . A 1000-nm thermal oxide layer is grown on blank test Si wafers. Before and after the treatment of the test process step, the potential over the oxide layer can be measured by PDM. The potential difference reflects the charging contribution of this test process step.
III. RESULTS AND DISCUSSION
A. and
As previously mentioned, is defined as the area ratio of top antenna versus dielectric of the floating MIM capacitor, and is the area ratio of top antenna versus bottom antenna of the floating MIM capacitor area of Top Antenna area of dielectric of the floating MIM capacitor (1) area of Top Antenna area of Bottom Antenna (2) is commonly used in studying PCD in the gate oxide of MOS transistors, and the PCD increases with [11] . The results presented in Fig. 3 , however, show that is a more critical parameter rather than for floating MIM capacitor. In all these floating MIM capacitors is connected to a 10 000 m plate. For the small capacitor, the value of is 16 higher compared to that of the big capacitor. However, the failure fraction presented in Fig. 3 indicates that, the small capacitor with 16 higher fails even less than the big capacitor. The two capacitors with the same do not have the same failure fraction. We believe that this can be explained with the role of the capacitor area in the oxide breakdown mechanism. It is well known that, under identical stress conditions, larger area capacitors fail more (or earlier) than small area capacitors [12] . In Section IV, we present a damage model based on rather than , which confirms the important role of in the study of PCD of floating MIM capacitor.
B. Impact of the Antenna Area
The dependence of on the failure fraction of floating MIM capacitors is shown in Fig. 4 . Both top antenna and bottom antenna are on the same metal level and the capacitor is isolated from the substrate. When the top antenna and bottom plate have the same size, the failure fraction falls back to almost zero. The failure fraction increases with an increasing of . A potential difference across the insulator between the two plates is generated proportional to the difference in the size of the antennas. When (top antenna and bottom plate have the same size), there is no voltage potential difference and as a consequence, there is no PCD. When is large (top antenna is much bigger than bottom antenna), a large voltage potential difference is generated, which causes a high failure fraction.
The bottom plate of some test structures is not connected to an antenna but to an extremely small pad, which is used for connecting to up level. The effects of this very small bottom antenna (1.36 m ) versus a large bottom antenna (10 000 m ) for a range of top antenna sizes are compared in Fig. 5 . For the extremely small bottom antenna, the failure fraction remains low and is independent of the top antenna sizes.
C. Impact of the Antenna Perimeter
As shown in Fig. 4 , the finger antenna structures failed more than plate antenna structures. PCD is more severe with a finger shaped antenna structures compared to a plate-shaped antenna structures with the same antenna area. This must be due to the electron shading effect [13] . Typically, electron shading is very severe during metal etching by plasma tools [14] . The electron shading effect during plasma deposition is also reported in [15] , [16] .
D. Source of the Damage
As shown in Fig. 6 , more than 40 V are required to breakdown a 60-nm-thick dielectric of MIM capacitor. With a PDM tool, it was discovered that the PPRD step in the end of the PECVD process for IMD deposition generated well over 60 V lateral Fig. 7 . PDM mapping of a 1000-A oxide layer followed by the plasma power ramp down step. potential difference on the surface of the oxide layer between the centre and the edge of the wafer, as observed in Fig. 7 . A reduced plasma power helps the reduction of particles. However, it is no longer capable to support a plasma over the full wafer surface: only in the centre of the wafer there is a small region of plasma remaining. This region is charged highly negative as confirmed by the PDM measurement. A voltage of 56 V is generated in the centre of the wafer. For the floating MIM capacitors in this highly charged region, the large-area ratio between top antenna and bottom antenna causes a large potential difference across the capacitor dielectric, which causes dielectric breakdown.
The yield mapping result agrees with the PDM result. Fig. 8 illustrate typical mapping of the dysfunctional dices, which fail because of high leakage current. This failure mechanism is strongly related to the leaky MIM capacitors. The dysfunctional dies are mainly located in the region of the centre of the wafer, which coincides with the highly charged region detected by PDM tool. The yield mapping confirms the relation between the charges caused by PPRD step and the failing of MIM capacitors. 
E. Effect of Diode Protection
In Fig. 9 , the damage to diode protected and unprotected floating MIM capacitors has been compared as a function of the top antenna area. For these test structures, both capacitor plates are connected to n+/p diode by the same metal level. None of the capacitors protected by diodes fail due to PCD, no matter how large the antennas are. So by using protection diodes, the charges collected on both plates can be discharged efficiently to the substrate through the diodes, limiting potential build-up and preventing PCD to the dielectric. Note that the diodes should be used carefully in order to prevent impact on parasitic capacitance, voltage dependence and quality factors of the MIM capacitors.
IV. DAMAGE MODEL
In this section, the model of PCD of floating MIM capacitor is built up. This model agrees with the measurement data of the structures with normal size bottom antenna very well. However, the structure with extremely small bottom antenna is exceptional to this model.
To build up the model to express the relation between the failure fraction of MIM capacitor and , well-established dielectric breakdown statistics is used [12] . Through (3) the yield loss (failure fraction) is linked with the charge through the oxide [12] (3) where is the shape parameter or Weibull slope of the distribution and is a known function of the oxide thickness , and is the charge flown through the oxide inducing failure in of the devices. The dependence of current (I) on can be described by (4) where the parameters and depend on and can be defined from a separate experiment.
The charge is (5) where is the processing time. By substituting (4) and (5) into (3), the following equation can be obtained (6) It was reported before that the damage to MIMC has a logarithmic relation with the AR [17] . The driving force of the damage mechanism is voltage. So now the antenna area dependence of the voltage can be introduced (7) In the low voltage region, nitride dielectric shows an Ohmic conduction mode [18] . Therefore, the current through the floating MIM capacitor can be defined as (8) where AR is the area ratio between the top antenna and bottom antenna of the floating MIM capacitor , is the resistance of the dielectric, and is a constant. By substituting (8) to (6), the relation between the failure fraction and AR can be obtained (9) Defining (10) and (11) Equation (9) can be rewritten as (12) Fig. 10 shows that this function fits the measured data very well, with equals to 1.03 for finger antennas and 1.04 for plate antennas, and with equals to 2.48 for finger antennas and 2.83 for plate antennas. We expect that the constants and are defined by the antenna shape, the quality of the dielectric, the area of the floating MIM capacitor and the processing itself. Equation (12) allows to anticipate the PCD in the floating MIM capacitors connected to long interconnects, and can be used to define design rules.
There is an exception for the above model, when the bottom antenna is extremely small. As shown in Fig. 10, (9) does not predict the failure fraction which the bottom antenna is limited to a very small area m which is required to make the connection to a higher metal level. The failure fraction of these extremely small bottom antenna is found to be almost zero even when the other antenna is very large, indicating a different failure mechanism. The possible explanation could be that, with a small antenna, only little charge can be exchanged with the environment. As long as the leakage of the floating MIM capacitor dielectric can support this charge transfer, the capacitor will not be damaged. We have only results from devices with an extremely small bottom antenna but we believe this extremely small antenna mechanism is also suitable for a small top antenna. This would imply that if the top antenna is very small, we expect that the floating MIM capacitors will not be damaged no matter how big the bottom antenna is.
V. LAYOUT SOLUTIONS
In this section, several layout approaches will be discussed that lead to low plasma damage in line with the model presented above. Fig. 5 shows that, for the small bottom antenna, the failure fraction remains low and is independent of the top antenna size on the other plate. This phenomenon is especially interesting because it opens the possibility for the introduction of metal bridges as a way of protecting the floating MIM capacitor. When the ratio of the two conductors connected to the plates of the floating MIM capacitor becomes too large, one of the antennas can be disconnected from the capacitor at the level of the antenna and reconnected again at a higher metal level by means of very small metal area. As such most PCD during the processing is avoided. Fig. 11 shows a possible layout for the protection of the floating MIM capacitors by the use of a metal bridge. Fig. 12 shows a possible layout for the protection of the floating MIM capacitors by the use of n+/p diodes. Both capacitor plates are connected to the diodes by the same metal level. In this way, negative charges collected on both plates can be discharged to the substrate. As such, PCD on the floating MIM capacitor is reduced. The efficacy of the protection diodes has been proven by the experimental results presented in Fig. 9 . Special care must be taken that both capacitor plates are connected to the double sided diodes by the same metal level. In the case that only one plate is connected to the substrate by a diode, and the other plate is left floating, all conductors connected to the substrate can act as an antenna of the connected plate. In this case, the ratio between the antenna areas on both plates can be very large. As such, a high a potential difference can be built up across the capacitor, leading to discharge through the capacitor and possibly breakdown.
A. Using Metal Bridges to Limit Interconnection Line Connected to One of the Two Plates of the Floating MIM Capacitor
B. Using Protection Diodes to Drain the Charging From the Dielectric of the Floating MIM Capacitor
VI. DESIGN RULES
The results of the experiments can be summarized in the following simple design rules.
1) Keep the ratio between the areas of the antennas connected to both plates of the floating MIM capacitor for each individual metal level close to unity except for the case that the area of one of the antennas is below a certain threshold value. 2) Contacting only one of the floating MIM capacitor plates to the substrate by a contact, a diode or even by a MOS gate has to be avoided.
3) The use of small metal bridges or protection diodes as proposed in Fig. 11 and Fig. 12 can repair violations of these rules.
VII. CONCLUSION
In this paper, results from plasma damage experiments on MIM capacitors are presented. The antenna effect is studied and modeled, and design solutions to minimize plasma damage are proposed. PCD to floating MIM capacitors is related to the size and shape of the antennas connected to both capacitor plates. The large area ratio of the interconnects that are connected to the two plates of the capacitor, leads to a potential difference across the insulator between the two plates. This unexpected potential difference stresses the dielectric of the floating MIM capacitor and causes the degradation of the device. Large capacitors are more vulnerable than small capacitors for the same antenna area. Two damage mechanisms describe very well the relation between the failure fraction and the area ratio of antennas connected to the two plates of the floating MIM capacitor. For normal size antennas, the failure fraction is increasing with an increasing difference in top antenna and bottom antenna and falls to almost zero when the top antenna and bottom antenna are identical. For a very small antenna on one plate, the failure fraction remains low and is independent of the antenna size on the other plate. Antenna design rules should be applied during the IC layout phase to prevent the potential PCD during IC manufacturing. By using small metal bridges and protective diodes, the PCD of the floating MIM capacitors can be reduced. The ratio between the areas of the interconnects connected to both plates of the floating MIM capacitor for each individual metal level should be close to unity except for the case that the area of one of the antennas is only a few micrometers. Furthermore, it has to be avoided to contact only one of the floating MIM capacitor plates at a given metal level to the substrate by a contact, a diode or even by a MOS gate. Dr. Tack served as technical program committee member of ESSDERC for several years.
